Abstract. 2014 Thin films obtained by direct pulsed excimer laser irradiation and by laser reactive ablation were characterized by scanning electron microscopy, cross sectional transmission electron microscopy and grazing angle X-ray diffraction. The results obtained were interpreted in function of the deposition parameters such as substrate temperature, pressure of the ambient atmosphere, number of laser pulses and laser fluence. 
Introduction
Lasers are widely used for promoting synthesis and growth of thin films onto a specified site because of the many advantages of the laser based techniques with respect to the traditional ones. In particular, the accurate spatial control, the relative low deposition temperature, the high efficiency of the deposition process and the possibility of synthesizing multilayer structures with a single irradiation process are the most important advantages of the deposition techniques based on laser irradiation. Laser chemical vapour deposition, synthesis of compound under direct laser irradiation and congruent ablation deposition of compounds such as high critical temperature superconductors and titanium nitride are recent and successful methods for thin film formation [1, 2] .
Although lasers have been used in materials processing for a long time, their potentialities in this field have not been fully exploited and new laser-based techniques are continuously improved. A very new laser-based technique named laser reactive ablation (LRA) is now emerging for the deposition of thin films. In the LRA deposition method a target, placed in a suitable atmosphere, is irradiated by a laser beam. This laser beam causes ablation of the target material and promotes chemical reactions between the ablated material and the atmosphere. The substrate which is placed at a certain distance from the target collects this ablated and reacted material [3, 4] . by scanning electron microscopy (SEM), grazing angle X-ray diffraction (GAD) and cross sectional transmission electron microscopy (TEM) in order to investigate the dependence of film properties such as stoichiometry and thickness on the deposition parameters.
TEM observations were executed both on planar and cross sectional specimens. Samples were prepared by conventional techniques and the final thinning were carried out in ion beâm by using Ar ions at 6 kV, 0.5 mA and an incidence angle of 13°. GAD investigations were accomplished with a diffractometer in the asymmetric Bragg configuration at two different angles of incidence (0.2°a nd 0.7°) of the X-ray beam with respect to the sample surface for detecting possible differences in the depth composition of the deposited layers. Figure 3a where the surface of the sample ablated at a pressure p = 8 x 10-6 mbar is shown. At the increasing of the CH4 pressure the mean dimension and the density of the surface droplets decrease as can be observed in Figure 3b for the sample ablated at a pressure p = 2 x 10-5 mbar.
X-ray diffraction showed that samples ablated at ambient pressure p 10-5 mbar mainly consists of hexagonal a-Ti with lattice parameters a = 0.295 nm and c = 0.4686 nm. Small amounts of non-stoichiometric TiC were also found inside the deposited layers. Titanium oxides are present both near the surface and well inside the layer as can be observed in Figure 4a where the GAD spectra of the sample ablated at p = 8 x 10-6 mbar are reported for two angles of incidence of the X-ray beam. Samples ablated at higher pressure exhibit a better stoichiometry of the TiC compound and a lower content of metallic Ti. Analyses showed that the most stoichiometric TiC (fcc with a = 0.43274 nm) was obtained for the sample ablated at p = 2 x 10-5 mbar. Figure  4b reports the GAD spectra of this latter sample where the TiC peaks are indicated. Calculation of the crystallites size performed using the Scherrer formula applied to the TiC (200) peak gave L2oo = 19.8 nm. For pressure p &#x3E; 10-1 mbar samples show higher amounts of titanium oxides both near the surface and well inside the deposited layer whereas metallic Ti and TiC are completely absent.
Cross sectional TEM investigations showed that samples are constituted of a continuous layer formed of columnar grains originating at the interface with the substrate. The structure of the deposited layer relative to the sample exhibiting the best stoichiometry of the TiC compound is U) Fig. 4 . -X-ray diffraction spectra of samples ablated in CH4 atmosphere at: a) p = 8 x 10-6 mbar, b) p = 2 x 10-5 mbar. Spectra were taken at 0.2° and 0.7° of incidence of the X-ray beam with respect to the sample surface.
reported in Figure 5 . In this case the continuous layer has a mean thickness of 80 nm and is formed of columnar grains having a mean lateral dimension of 20 nm. Rutherford backscattering spectroscopy (RBS) analyses performed on samples deposited at different ambient partial pressure showed that at the increasing of the partial pressure the thickness of the deposited layer decreases. -Results put into evidence that a multilayer structure consisting of a titanium nitride layer superimposed to a titanium silicide one was obtained by a single step LDS procedure. Furthermore, the absence of both titanium and silicon oxides and of material expelled from the irradiated zone should be mentioned.
SEM results pointed out that surface perturbation increases with the number of laser pulses. This evolution of the surface morphology towards a rougher structure at the increasing of the number of laser pulses suggest that the reactions leading to the formation of the superimposed layers take place in a liquid phase. Numerical computations of the sample surface temperature, performed by solving the heat diffusion equation, confirmed these results and showed that the laser irradiation causes melting of the entire Ti film and of a layer of the Si substrate. In this way the titanium nitride formation takes place in a liquid phase at the surface of the layer as a result of a chemical reaction between the Ti layer and the ambient atmosphere. On the other side, the silicide forms for reaction between the Ti and the melted Si layer [8] . These considerations allow to justify the presence of dislocations at the TiSi2/Si-bulk interface, as evidenced by TEM observations, since during solidification the TiSi2/Si-bulk interface separates a liquid phase (TiSi2) and a solid one (Si-bulk). On the contrary, the Ti2N/TiSi2 interface that, during solidification, separates two liquid phases results to be dislocation free. The presence of these dislocations at the interface between the reacted layer and the Si substrate could be detrimental for the electrical performances of the multilayer.
4.2 TiC. -Results obtained from GAD and electron microscopy investigations showed that the surface morphology of the layer and the stoichiometry of the compound are strongly dependent on the ambient partial pressure during deposition. Furthermore, the presence of droplets on the surface of samples suggest that the carbidation process could occur in a liquid phase. This is further confirmed by numerical simulations of the target thermal behaviour under multipulse laser irradiation which indicate that the target surface melts during each laser pulse. Calculations also showed that the carbidation process cannot occur by pure heterogeneous reaction between the melt and the ambient atmosphere since its low reaction rate is unable to justify the thickness of the obtained TiC layers. Pure hydrodynamic effects responsible for fast mixing of the melted layer resulting in an efficient carbidation process are to be considered [9, 10] . It is obvious that the efficiency of the carbidation process is linked to the quantity of carbon-containing gas provided on the target surface. This latter observation justify the dependence of the TiC layers stoichiometry on the partial pressure of the CH4 atmosphere as observed in our experimental results.
Gas phase reaction of the evaporated titanium with the carbon-containing atmosphere must be also considered. In particular, chemical reactions could occur within the vapour plume as a consequence of the vibrational excitations of the CH4 molecules by plasma electrons. So both liquid phase and gas phase reactions could contribute to the synthesis of TiC.
Turbulence of the ambient atmosphere and scattering phenomena reduces the growth rate of the TiC layer. So, at the increasing of the ambient pressure the thickness of the deposited layers decreases, as was observed in our experiments.
The presence of large surface droplets suggests that the most important mechanism in the carbidation process is the liquid phase reaction that takes place on the target surface. The gas phase reaction, even if not negligible, gives a limited contribution to the synthesis of TiC molecules.
Conclusions
The microstructural characteristics of a multilayer titanium nitride/titanium silicide (Ti2N/TiSi2) structure synthesized on silicon by laser direct synthesis (LDS) in a single step procedure and of a titanium carbide (TiC) layer deposited on silicon by LRA were investigated by different techniques. Microstructural observations, integrated by numerical computation of the sample or target thermal behaviour, allowed to obtain information on the possible processes responsible for the layer formation. Results were interpreted considering the following: 2022 in the LDS deposition method the reaction takes place in a liquid phase at the sample surface and the structure of the deposited layers were interpreted in function of the deposition parameters;
2022 in the LRA deposition method the compound forms on the target surface in a liquid phase whereas the gas phase reaction gives a limited contribution.
